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論文内容要旨
 Amongvarioussoildensificationtec㎞iques,SandCompactionPile(SCP)methodhasbeenoneofthe
mostffequentlyusedmethodstoimproveloosesandysoilinJapan,inordertomitigatetheearthquake
 inducedliquefaction.Itseffbctivenesshasbeenconfi㎜e(iatmanysitesthosehavesuf壬bredlargescale
 earthquakesinrecentpast.hthecurrentdesignpracticeofgroun(1improvementwithSCRtheSPTN」value
 atamidpointofarectangularareasurroundedbyfbura両acentsand,piles,atwhichtheliquef乞ction
resistanceisconsideredtobethesmallest,issetasatargetfbrthedegreeofcompaction.However,itwas
 reportedthatSPTハ乙valuedistributioninahorizontalplaneatacertaindepthappearedtoberatherrandom.
 Thissuggeste(1thatSPTハLvalueatthecenterofarectangularareasurroundedbysan(ipilesdoesnotalways
 provideaconservativeevaluation、Further,maindrawbackinthismethodistherigidityofdensesandpileis
 nottakenintoaccount.血ad(iition,stabilityand(ieR)nnationcharacte垣sticsofSCPcompositegroundun(1er
 earthquakeinducedmotionwerenotelucidate(isufficientlyA呂such,intheresearchreportedint1丘spaperan
attemptwasmadetostudythecharacteristicsofSCPcompositegroundbylaboratorytestsaswellas
numericalsimulations.
 hordertosnldy(iensiflcationcharacteristicshlloosesandyground(iuetoSCP血stallation,multiple
 seriesofcyclicsheartriaxialtestswereconductedsimulatingSCPinstallationprocess、Axialstrain
 controlledtest血gwasperfbmledata丘equencyofO.1Hzusingsinusoidalwavefbmlasshown血Fig・L
Undrainedcyclicloadingfbllowedbydrainageprocessintheelementtestssimulatestheactualstressstate
 andvolumechangesdu血gSCPinstallation.FinecontentoftheliquefiablegroundonSCPimprovement
quantitativelyevaluated.Itisconservativetoassumethatareareplacementratio(α5)isequaltovolumetric
 stra血considehngthenegligiblegroundupheav血gatlaboratoすcon(iitions、Then,coefncientoflateral
 pressure(K)wasplottedagainstareareplacementratioasshowninFig・2・Thecoefficientoflateralpressure
 isdef血edasqバ/σド,whereσ、'istheeffbctivehoτizontalstressandσレ'istheef壬bctiveverticalstress.Itcan
 benotedthatK一α,relationis血dependentofthefhlecontent.Thetestresultswereusedasinitialconditions
fbrtheproposedevaluationmethodfbrSCPcompositeground.
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It is clearly seen that, Iarger the area replacement ratio, greater the resistance to liquefaction. It is believed 
that liquefaction resistance in SCP improved ground mainly depends on three factors. 
l . Relative density of the surrounding improved ground (effect of area replacement ratio) 
2. Coeffilcient of total lateral pressure (effect of KT) 
3. Rigidity of sand pile (effect of composite ground) 
In order to examine the effect of KT' the initial effective vertical stress (OT,,o ') was converted to mean effective 
confining stress (O;,,,o ') through the relation a,,,o ' = (1+2KT)O;,o '/3. If the cyclic stress ratio 1~a"'/(T,,o ' in the 
ordinate of Fig. 3 changed to the cyclic stress ratio e;(r"'p/o;,,,o ', data corresponding to as = O, 3 and 6 o/o were 
con'elated uniquely with number of cycles (Nl)' However, shear stress ratio of as = 10 o/o deviate from the 
above uniqueness. Therefore, in order to get a clear view of the effect ofA'T~ shear stress ratio corresponds Nl 
= 20 in both methods were plotted against area replacement ratio as shown in Fig. 4. It can be seen that 
Ta"*PloT*,o mcreases gradually with as' However, ~;a'np/O7,,,o vs as relation indicates ahnost identical value at a* = 
O, 3 and 6 o/o. Therefore, it can be concluded that most dominating factor at low area replacement ratio is 
coefficient oftotal lateral pressure (A'T)' 
~
 
,~t:) 
H 
O 
~ 
c~~ 
~/~ 
(/: 
~) 
~ 
cl~ 
:~S 
~) 
~: 
(1~ 
0.5 
0.4 
0.3 
O.? 
O. I 
0.0 
~* ~+ 
',*~'~ 
~~~ 
~~ 
a* ("lo) 
. () 
~: 3 
*' () 
1O 
~'~'-- -~~_~~ 
~~~'_~_ 
' ~ 3 4 )6 100 l 4 ~ 6 lO 
Number oi'cycles ,~f! 
O .4 
o 
(¥] 
! O .3 
/_~ 
.~, 
._ 0.2 f~~ ~~; 
~'i' 
e' 0.1 
(/) 
o.o 
i] 
O 
A 
O 
JL 
i
 
~
 
o
 ? 8 4 6 
Area replacement ratio f/s (o/o:) 
lO 
~
 
{
 
Fig. 3 - Relation of stress ratio vs number of cycles Fi**. 4 - Effect of KT on area replacement ratio 
It is well known feature that, when a load is applied to the SCP improved ground, it distributes among 
sand pile and surrounding improved ground. Test results revealed that stress concentration in sand 
compaction pile (c(*,p) is particularly sensitive to the area replacement ratio, provided that there is a residual 
margin of safety against liquefaction. Further, it was found that, when the area replacement ratio is large, 
earthquake induced cyclic shear quickly transfer to the sand piles, and sand piles function appropriately to 
mitigate the liquefaction. On the other hand, when the area replacement ratio is small, surrounding improved 
ground is more dominated to resist cyclic shear loading and before transfer the cyclic load to the sand pile, 
ground may occur lar*"e deformation. As a result, sand pile can not show its functions suffirciently in this 
situation. Finally, advantages of energy dissipation method over stress ratio method, in terms of liquefaction 
resistance, were quantitatively evaluated. 
Despite recent advance developments in the field of geotechnical engineering, this is the first trial for 
evaluation of SCP **round considering the characteristics of composite ground. Further, development of this 
method contributes not only to the SCP evaluation, but also to the experimentai approach in geotechnical 
engineering field. 
Seismic behaviour of SCP composite ground under undrained condition was numerically simulated 
i
,
 
-312-
-~T~-
'spunoJ~ poAOJdulT dOS JOJ spoq~~ul 
uo~l~nIBAe fAeu q~}!~ dn ou~:oo o; sJeoul~uo 1130~ul{o~lOO~ eq; ~s~ss~ plnoAA qoJ~esOJ s~ql Jo 9uroo~nO 
'oT1131 ~uoul:e013Tde~ ~ej~3 uo spuedep KI~uoJ~s pun01~ 9~lsoduloo dOS Jo JnoIA~3qeq o~ul:s~es 'lEq~ AldulT s~lns9J 
uo~~l2lnlnTS 1130TJeumN 'sluouloul ~uplooJ o~ poS09~qns ~q u~O ~T 'Pue uoT~13ulJoJsul3J~ eseqd ~e~:13 J9AelT;u~o ~ sl3 
poA~qoq 9q uBO ol~d pu~;s 'I113uls s~ o}~~J: ~uouJ:e013ldeJ 13~~e oql J} '~l3q~ ST ~Jns~oJ 9lql3~ou J~qlouV 'uol~013J9nb~I 
I~~IFlf. J:o~:~; poAJ:esqo ~q uBO 91~d pu~s ul sseJls ~139qs Jo ~uouloloul ~u~oTJ~u~~s V 'uo}~o~Jenbjl IE~l~u} J~eu 
posl30Joep ue9q seq punoJ~ poAoldulT ~u~punouns u~ ssolls ~~eqs SB oJeqA~ posB910l~f Ileeq sBq ol~d pul3s u~ 
ssolls ll30qs 'oouoH 'poqsFJTul~p ue~q s~;q punol~ poAOid~CI~ ~u~punolms Jo A~~o~d~o ~u}~s~seJt ~IF{AA 91}d pII~s 
Aq po;s~s~,J uooq seq uoTlouJ poonpu~ ~~enbq~JBo eql Jo uoT~lbd 9~1131 'uo~~o~Jenb}1 J~ou teA9A~oH 'PunoJ~ 
~II}punoJ:ms pul3 ~lTd pul3s q~oq Jo uo~~~;u~quloo Aq pols~s~lJ: s~ JnoTAl3qoq oymsTos poonpul 9~~;nb~~11~9 'XI113}l~l. 
'OJOZ o~ poq0139J u90q sl3q punoJ~ ~u}punoJJns Trf SS~l~s I~oqs sl3 eJeqA~ uo~T013JenbH IB~~~u~ Je~J1; poS~OJlou~ 
AlluEOTJ~u~IS uoeq sl3q el~d pues ul ss~Jls J~oqs 'J9A9,~oH 'uoTIOEJonbH I~~~Tu~ eJoJoq punoJjj~ ~u}punoJtJ:ns 
pul3 (~I~d pu~s ~uouJ:13 po~nqlJ;s~p AlulloJTun osl~ SSOJ~S :reotls 'uF3~~s J~oqs eql o~ J:~;I}Lul;S 'ss9T~:}~s e~iBI 
sl~ o~ enp lueu~:eJou~ olql3eo}~ou Aul3 po~l30TPu~ ;ou s~q el}d pu~s u} u~~J~S 1le~qs 'pu~q loq~o eq~ uO 'Puno~~ 
~IIJpunoJJns Qql u~ uo~l013Joub~l le~:13 poqs~:~ul}p 1109q s~q ~uTP1301 oTulsl9s 10J oou~lslso~ osnl30~q 'uo}lo~J(~nb~I 
I13~lprf J9~:~; AIlu~oIJIIJ~TS poSBeJou~ ueeq sl3q puno:t~ poAoJdll~1 ~u~punoJJ:ns ~ql ul ul~J~s ~~eqS 
'uoT~~nl~Ae JOJ Iool 1~uo~~IPpr3 uE sl3 ~I ~sn A~ul sJe~ul~ue 1~;oT~o~Jd pue 
punoJ~ ~~~sodul:oo dOS JOJ poq~eul uol~13nl~Ae ,~9u ~; s9p}AoJd 1~:d Jo ~doouoo ~q~ '~JoJ~~~ql 'uo~ll3ulJ:oJsu~Jl 
9sl3qd Ulun puno~t~ poAOJdmT ~uTPunoJJns pu~ ol~d puBs ~uoml3 po~nqp:~srp AIIIIJoJTu:n uooq sl3q (:1X) 
exnss~ld I~Jol~l 11310; Jo ~uo~olyg:ooo ~IJ131Tull:S 'uoll~ulloJsul31~ esl3qd I~~un p~IeA s~ JnoIA~qeq o}ulsTes ~uTJnp 
punoJ~ poAoJdulJ ~urpunoJJns pu~ 91}d pul3s u} u~BJIS J139qs I~o~luopl uV 'uo~lo~JenbH 113~l}u~ Jo uo~ll3unoJsul3~l 
~sl3qd I~~un elqeuosBaJ s~ I~:d Jo ~deouoo olseq ';~q; poll~~A~I s;Ins9J uo~~Blnul!s 1130}19umN 
'Iopo~t ~u9m~lo el}ulJ ~q~ Jo 9sl3q ~13 uo~~O~~~p IBurpn~T~uol 
u~ po~Idd~3 sl3AA eA13,~~ ;uop}ou~ ~ql 'seA~A~ luoploul: se po~0910s eJeI~L sopn~Hdull3 IuQJeJJlp q~T'yL stcu:oJ eA~,~t 
IBpJosnu}s pue g661 ul o~Bnbq~:139 pIIBIS~ ~:od oqo)1 'punoJ~f ~l~soduloo dOS Jo JnoTA13qeq o~uls~~s ~~~lnl~r~s o; 
J9plo ul 'punoJ~: poAoJdul~ ~urpunomls eql pu~ elTd uo~S013duloo pul3s 9ql luese~deJ ol po;09l~s eJ~A& so~;Isuep 
eA}~13leJ ~ueJOJJrp oA~1 'uoY;~lnuJTs 1130~J~ulnu ~OJ enF3A JX 113Tl~T oqS se ue~~l S13J~~ uo~ll31113~suT dOS Jo~:13 
enllaA JX eql '(JX) 9JnssoJd I~J~S~l 113~01 Jo luo~orgJooo pu~ 110s Jo lq~~9~A l~un eA~~oey~:e uo pos~q pou}ullelop 
~JO~L Iueulolo qoBO JOJ soss91Js IB~ITI~I 'q~dop eul:~s eq~ ~la seFrapunoq poSBodel 9q~ 113 suo~loeJl:p 1lao~lJ9A 
pul~ l~u~Pnll~uoT J:oJ ~~s S~A~ ;uou:1:o013lds}p 113nbe 'eJoJeJeql ',,se~n3punoq po~l30deJ., s~? poJoplsuoo 9q u~o 
s~p~s oeJI{1 eseql 'poXIJ sl3,~~ uol~OOJ~p .A, vf lu9ul:e013Tdsrp 's9}I~punoq 09Jql lel{~o I~; 'AJepunoq oTJ~eululAs 
oq~ ol ~el}ul~S 'suol~oeJrp (<X,) 113u}pn~~~uol pu~ (<Z,) 1130}~J9A q~oq ul: eAcuu ol e~~J 9Jel~t !CJ:~punoq ol~~~,unnAs 
oq~ IE sopou 'uo}Soul olloAo ~ti}mG 'polo~l~soJ s~A& AJ113punoq op:~9uJcaAs 9qS ~B uo~looJfP <A, u~ ~uou~:eoBldsT(l 
'suo}~ooJ,fP IIB u} ~ulAoul InoJJ po~op:Isol s~;J~ Iopom ~q~ Jo osl3q ulo~loq oqJ] 'punoJ~ ~~~soduloo dDS ellmJIJ~ 
Jo JnolA13qoq eql ~u~Ioplsuoo poq}1:osep QJ91~L IopouJ: Iu911:9le o;Fl:IJ ~;q~ Jo suol~rpuoo !CJupunoq luoule013lds~G 
'qldop ul g ~e ST qseul oql Jo jCJ13punoq ulo;loq 9qJ] 'poJep~suoo s} AJloruoe~ eql Jo J11~~ Aluo 'o}J~euluiJCs s~ 
uJelqoJd 9ql osm3098: 'soll~J ~uouloo~ld~)J eoJ~ o~ ~urpJoo013 poloeles ~,J9J~ spuncu~ elTsoduxoo dDS JOJ seqseul 
TuemeTe OIFITJ puB so}Ileul09D <<'~OulTssso~,, ~ulsn sno poT~Jl30 uo~~13lnurls lu9ulol~ oql o~ ~u}proo013 pou}uJJ~ll~p 
oJ9!~¥ Iopoul oAl~nl}~suoo ol~seld-o~sl319 JOJ sJoleuJ~;I~d 113u9~13y¥1 'poq~oul sF~:1 ~uTSn po~ep~l~A AIl~olJ9urnu 
s~;~A JL~:d J.o Ideouoo oq~ Jo A~}I~ql30}Iddl3 'Jo~~md <<'VO~11:., poml3u S~SAIBul3 uol~o~Jonbul poldnoo AIlng ~uTsn 
i
,
 
 論文審査結果の要旨
 地震時に液状化が懸念される砂質土系の軟弱地盤の改良工法の一つにサンドコンパクションパイル
 工法(SCP工法)がある.本論文は,SCP工法によって改良された複合地盤の力学特性の評価に関する
 ものである.
 第1章は,研究の背景と目的,SCP複合地盤の設計法の現状と問題点を述べている.
 第2章は,本論文に関係する既往の研究を整理している.
 第3章では,SCP打設時の地盤応力や過剰間隙水圧の変化を室内模型実験から調べている.その結果,
 SCP打設時に過剰間隙水圧が大きく上昇し,同時に地盤が受働破壊状態になること,砂杭半径の2倍付
 近でせん断強度増加が著しいことなどを明らかにしている.SCP打設時に原地盤が液状化することによ
 って地盤が受働破壊しながら密実化するという知見は,地盤の力学特性を論じる上で重要な知見である.
 第4章では,繰返しせん断試験に基づいて,SCP打設時の原地盤の体積変化と側方応力の増加の関係
 を実験的に明らかにし,現場データと調和的であることを示している.第3章の実験から予測されるよ
 うに,側方応力の静的単調増加では,改良工法で期待される原地盤の密実化が実現しないことを検証し
 ている.また,体積変化の初期段階で土圧係数が1.5程度に急増し,その後2.0程度に漸増すること.も
 3章の知見を支持している.これらは,SCP複合地盤の初期応力状態に関する重要な知見である.
 第5章では,複合地盤の液状化強度を評価する方法として,オンライン並列繰返しせん断試験方法を
 新たに開発し,砂杭と改良された原地盤のせん断応力の分担機構を評価している.その結果,過剰間隙
 水圧比が0.8程度から,複合地盤の強度に対して,砂杭の強度が支配的に寄与するようになることを明
 らかにしている.複合地盤の改良率や地盤改良の程度を合理的に評価できる方法論を示したものとして
 価値がある.
 第6章では,繰返しせん断による液状化を解析できる弾塑性モデルを用いて,SCP改良地盤の地震時
 液状化シミュレーションを行っている.4章で得られた初期応力状態と改良地盤の材料パラメータを適
 切に設定することによって,複合地盤の応力やひずみ分布などの地震時挙動を明らかにしている.また,
 5章で示した評価手法の仮定の妥当性も検証している.
 第7章は,本研究の結論および今後の展望について述べている.
 以上,本論文はSCP打設による原地盤の体積変化とその応力状態を実験的に明らかにすると伴に,出
 来上がった複合地盤の液状化抵抗を合理的に評価できる方法を提案したものであり,地盤地震工学分野
 の発展に寄与するところが少なくない.
 よって,本論文は博士(工学)の学位論文として合格と認める.
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